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ABSTRACT

BACKGROUND AND PURPOSE: Gait disturbances in the elderly are disabling and a major public health issue but are poorly understood.
In this multimodal MR imaging study, we used 2 voxel-based analysis methods to assess the voxelwise relationship of magnetization
transfer ratio and white matter hyperintensity location with gait velocity in older adults.

MATERIALS AND METHODS: We assessed 230 community-dwelling participants of the Austrian Stroke Prevention Family Study. Every
participant underwent 3T MR imaging, including magnetization transfer imaging. Voxel-based magnetization transfer ratio–symptom
mapping correlated the white matter magnetization transfer ratio of each voxel with gait velocity. To assess a possible relationship
between white matter hyperintensity location and gait velocity, we applied voxel-based lesion-symptom mapping.

RESULTS: We found a significant association between the magnetization transfer ratio within the forceps minor and gait velocity (� �

0.134; 95% CI, 0.011– 0.258; P � .033), independent of demographics, general physical performance, vascular risk factors, and brain volume.
White matter hyperintensities did not significantly change this association.

CONCLUSIONS: Our study provides new evidence for the importance of magnetization transfer ratio changes in gait disturbances at an
older age, particularly in the forceps minor. The histopathologic basis of these findings is yet to be determined.

ABBREVIATIONS: MNI � Montreal Neurological Institute; MTI � magnetization transfer imaging; MTR � magnetization transfer ratio; SPPB � Short Physical
Performance Battery; VLSM � voxel-based lesion symptom mapping; VMTRSM � voxel-based MTR symptom mapping; WMH � white matter hyperintensity

Gait abnormalities in older adults are common.1,2 They are

associated with falls3,4 and represent a serious public health

issue.1,5 A complex brain network manages supraspinal gait con-

trol.6 White matter hyperintensities (WMHs) are common and

not necessarily related to clinical symptoms. However on a group

level, widespread WMHs have been associated with gait dysfunc-

tion, probably as the consequence of disruption of the supraspinal

gait network,7-9 and were related to gait performance in several

studies,10-13 but results are conflicting.9,14,15 One explanation for

conflicting results might be that as reported for cognitive de-

cline,16-18 widespread, invisible, and highly variable microstruc-

tural changes in normal-appearing white matter also contribute

to gait abnormalities in addition to visible lesions. This hypothesis

is supported by 2 DTI studies that reported the higher mean dif-

fusivity and lower fractional anisotropy in the genu of the corpus

callosum to be correlated with poorer gait performance indepen-

dent of visible WMHs.14,19

Complementary information on microstructural brain tissue

alterations may come from magnetization transfer imaging

(MTI). Other than DTI, which offers information on brain tissue

organization,20 MTI offers information on tissue composition.21

Magnetization transfer ratio (MTR) is one of the few MR imaging

measures that have been validated postmortem to represent a di-

rect marker of myelin content.22

The only study on MTR and gait found that lower MTR was

associated with poorer gait performance, independent of

WMHs.23
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In this large multimodal MR imaging study, we used voxel-

based MTR symptom mapping (VMTRSM) and voxel-based le-

sion symptom mapping (VLSM) to identify those brain areas in

which MTR or WMH-related tissue alterations relate to gait ve-

locity. We hypothesized that alterations, if any, would mainly be

located within the frontal white matter because intact fontal sub-

cortical pathways have been reported to be crucial for mainte-

nance of gait performance at a higher level.6,24

MATERIALS AND METHODS
Study Subjects
The study sample is drawn from the Austrian Stroke Prevention

Family Study, a prospective single-center community-based

study designed to assess the cerebral effects of vascular risk factors

in the healthy elderly population of the City of Graz, Austria. The

Austrian Stroke Prevention Family Study represents an extension

of the Austrian Stroke Prevention Study, which was established in

1991.25 Between 2006 and 2013, study participants of the Austrian

Stroke Prevention Study and their first-degree relatives were in-

vited to enter the Austrian Stroke Prevention Family Study. Indi-

viduals were excluded from the study if they had a history of

neuropsychiatric disease, including previous cerebrovascular at-

tacks and dementia, or abnormal neurologic examination find-

ings, determined on the basis of a structured clinical interview and

a physical and neurologic examination performed by a board-

certified neurologist. None of the study participants had a history

or MR imaging findings suggestive of normal pressure hydro-

cephalus. There were also no subjects with a history or signs of

heart failure in the study. None of the study participants had un-

corrected visual impairment. A total of 381 individuals from 169

families were included in the study. The number of members per

family ranged from 2 to 6. All individuals underwent MR imaging,

except for 26 who had contraindications. Thus, MTI scans were

available in 355 subjects. The participants’ ages ranged from 35 to

82 years. We focused on age-related decline in gait velocity and

thus included all 230 subjects 60 years of age and older in the

current analysis.

The ethics committee of the Medical University of Graz, Aus-

tria, approved the study protocol, and written informed consent

was obtained from all subjects.

Measurement of Gait Velocity
Study participants were asked to walk a total distance of 8 meters

with 3 turns at their usual, self-selected pace on level ground.

None of the study participants needed walking aids. Time was

measured with a stopwatch. The faster of the 2 trials was used for

the subsequent analyses. We chose gait velocity because it can be

measured quickly and in a clinical setting without instrumental

efforts. It has been shown to be a good measure of mobility in

elderly individuals.15

Measurement of Cognition and General Physical
Performance
Scores of memory and executive function were assessed as de-

scribed previously.26

General physical performance was assessed by using the Short

Physical Performance Battery (SPPB).27

Vascular Risk Factors
Assessment of vascular risk factors included arterial hyperten-

sion, diabetes mellitus, hypercholesterolemia, hypertriglyceri-

demia, hyperuricemia, cardiac disease, peripheral vascular disease,

and venous thrombotic disease and was determined on the basis

of history and measurements at the examination as previously

described.26

MR Imaging
MR imaging was performed on a 3T whole-body scanner

(Magnetom TrioTim; Siemens, Erlangen, Germany) and in-

cluded conventional imaging and MTI. The MTI sequence was

based on a spoiled 3D gradient-echo sequence (TR � 40 ms,

TE � 7.38 ms, flip angle � 15°, number of sections � 40,

section thickness � 3 mm, in-plane resolution � 0.86 � 0.86

mm) performed with and without a Gaussian-shaped magnetiza-

tion transfer saturation pulse.

The conventional protocol included an axial FLAIR sequence

(TR � 1000 ms, TE � 69 ms, TI � 2500 ms, number of sections �

40, section thickness � 3 mm, no intersection-gap, in-plane res-

olution � 0.86 � 0.86 mm2) and a high-resolution T1-weighted

3D sequence with magnetization preparation and whole-brain

coverage (TR � 1900 ms, TE � 2.19 ms, TI � 900 ms, flip angle �

9°, isotropic resolution � 1 mm).

For assessment of microbleeds, a T2* sequence was used

(TR � 35 ms, TE � 14.7 ms, flip angle � 15°, number of sec-

tions � 64, section thickness � 2 mm, no intersection-gap, in-

plane resolution � 0.90 � 0.90 mm2).

Visual MR Imaging Rating
White matter hyperintensities and silent nonlacunar and lacunar

infarcts were recorded on FLAIR images as previously de-

scribed.26 Microbleeds were recorded on T2*-weighted images

following the definition of Greenberg et al.28

Generation of WMH and MTR Maps
WMH maps were generated by using a custom-written Interac-

tive Data Language program (DispImage; Exelis Visual Informa-

tion Solutions, Boulder, Colorado) as described previously.29

Two highly experienced raters segmented WMHs on FLAIR im-

ages by combined region-growing and local thresholding follow-

ing manual selection.29 The total lesion volume in cubic millime-

ters was calculated by multiplying the lesion area by the section

thickness. WMH volumes in white matter tracts were calculated

by overlaying the probabilistic white matter tract atlas (25% prob-

ability), provided within the Oxford Centre for fMRI of the Brain

Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl),30 on the

normalized WMH maps.

MTR maps were calculated according to the formula MTR �

(M0 � MSS)/M0, where M0 represents the signal intensity of a

voxel without any radiofrequency saturation and MSS is the signal

intensity of the same voxel obtained with the radiofrequency sat-

uration pulse.21

For the subsequent steps, tools from FSL31 were used.

Because we found that MTR provides good contrast in per-

forming tissue segmentation, gray matter, white matter, and CSF

partial volume maps were derived from the MTR-weighted scans
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by using FSL FAST (FMRIB Automated Segmentation Tool;

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST).32

The T1, FLAIR, and MTR-weighted scans were brain-

extracted by using the FSL Brain Extraction Tool (http://fsl.fmrib.

ox.ac.uk/fsl/fslwiki/BET).33

The resulting skull-stripped T1-weighted images were nonlin-

early registered to the Montreal Neurological Institute-152 stan-

dard space template (MNI 152) by using FSL FNIRT (FMRIB

Nonlinear Image Registration Tool; http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/FNIRT).31

Then, the brain-extracted FLAIR and MTR scans were linearly

registered to the corresponding brain-extracted T1-weighted

images by using FLIRT (FMRIB Linear Image Registration

Tool; http://www.fmrib.ox.ac.uk/).34

We used the transformation matrices from these steps to warp

FLAIR and white matter MTR maps to the MNI-152 standard

space template. WMH maps were transformed to the MNI-152

standard space template in the same way.

The resulting white matter MTR maps in standard space were

eroded by 1 voxel to reduce partial volume effects resulting from

“edge” voxels. To produce more normally distributed data, reduce

noise, and account for the intersubject and registration variability,35

we smoothed the MTR maps with a 4-mm Gaussian kernel.

A mean white matter MTR mask was created and thresholded

to exclude MTR values below 20%.17 We chose this threshold to

exclude voxels from CSF and to further reduce the spurious effects

of partial volume effects caused by the white matter– gray matter

transition zone.

Anatomic structures containing clusters of voxels in which

MTR related significantly to gait velocity were localized by over-

laying the probabilistic white matter tract atlas (25% probability),

provided within FSL,30 on the normalized white matter MTR

maps. As in voxelwise analysis, we eroded the segmentations of

these tracts by 1 voxel to reduce CSF artifacts at “edge” zones. The

resulting “core” white matter mean MTR was used in subsequent

analyses.

Statistical Analysis

General Statistical Analysis. Assumptions of normal distribution

were tested with the Kolmogorov-Smirnov test. Normally distrib-

uted variables are reported as mean � SD, and non-normally

distributed variables, as median and interquartile range. WMH

volume had a skewed distribution containing zero values; there-

fore, the value 2 was added to the volumes before natural log-

transformation. To relate demographic, clinical, and imaging

characteristics of the study participants to gait velocity, we cate-

gorized subjects into quartiles according to gait velocity distribu-

tion. One-way analysis of variance, with quartiles of walking

speed as fixed factors and demographic, clinical, and imaging

characteristics as outcome variables, and �2 tests were performed

to test significant associations with normally and non-normally

distributed variables, respectively. Variables significantly (P �

.05) associated with gait speed in these analyses were entered as

covariates in the VMTRSM and ROI analyses described in the

subsequent paragraphs. Correlations between MTR and gait ve-

locity were calculated by using the Pearson correlation coefficient.

Linear multiple regression analysis tested an independent rela-

tionship between MTR and gait velocity. To test a possible dose-

effect relationship, we used analysis of covariance with MTR

quartiles as fixed factors and walking speed as the dependent vari-

able. Age, sex, height, brain volume, general physical performance,

presence of vascular risk factors, and MR imaging findings signifi-

cantly associated with walking speed in the univariate analysis were

entered as covariates in the regression analysis and the ANCOVA.

To assess mediating effects of executive function scores on the

relationship between MTR and gait velocity, we used boot-

strapped models as described by Preacher and Hayes.36

Voxel-Based MTR Symptom Mapping. To find associations be-

tween MTR values within a voxel and gait velocity, we used the

permutation-based statistical interference tool for nonparametric

testing (FSL Randomize tool; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

Randomise/UserGuide).31 Five thousand permutations were per-

formed to build the null distribution, and significant associations

were determined by selecting the threshold-free cluster-enhance-

ment option. To correct for multiple comparisons, a family-wise

error–adjusted P value � .05 was considered statistically signifi-

cant because voxel-based analyses test thousands of voxels sepa-

rately. If we controlled the family-wise error, the chance of �1

false-positive across all voxels was lower than 5%. Age, sex, height,

brain volume, general physical performance, and variables that

were univariatey associated with walking speed were entered as

covariates.

ROI Analysis. To identify white matter tracts in which mean

MTR correlates with gait velocity, we overlaid the probabilistic

white matter tract atlas30 provided within FSL on significant vox-

els from the VMTRSM analysis.

The mean MTR within identified tracts was calculated in stan-

dard space by using FSLMATHS (http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/Fslutils). We eroded identified tracts by 1 voxel to reduce

possible CSF contamination and partial volume effects from

“edge” voxels. The mean MTR in the resulting “skeletonized”

tracts was used in the subsequent linear multiple regression

analysis.

A possible dose-effect relation of MTR within identified tracts

and gait velocity was investigated by means of analysis of covariance

with MTR in quartiles.

Age, sex, height, general physical performance, brain volume,

and variables univariate-associated with walking speed were en-

tered as covariates in the linear multiple regression analysis and

the analysis of covariance. A P value � .05 was considered statis-

tically significant.

Voxel-Based Lesion Symptom Mapping. Nonparametric map-

ping was used to relate WMH location to gait velocity.37 One

thousand permutations were performed to build the null distri-

bution, and the Brunner-Munzel test was applied for statistical

significance.38 Briefly, permutation testing is a procedure that

compares a test statistic to a null distribution derived from the

dataset of interest itself. Permuting how the dependent and inde-

pendent variables are paired typically derives the permutation

null distribution. When the null hypothesis is true (no effect), the

observed pairings should be no more likely to generate an extreme

test statistic than any other.39 Voxels affected in �7 subjects were

not considered for analysis. Correction for multiple testing was
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achieved by permutation-generated family-wise error thresholds.

Age, sex, height, and brain volume were entered as covariates. To

identify the localization of significant voxels within major white

matter tracts, we used the probabilistic white matter tract atlas30

provided within FSL.

RESULTS
Characteristics of the Study Population
Demographic, clinical, and imaging characteristics of the study

participants are summarized in the On-line Table. Individuals

who walked slower were significantly older and shorter, their gen-

eral physical performance was worse, and they more often had

diabetes compared with their faster

counterparts. Slower participants per-

formed worse on executive function

tasks and had more microbleeds on

brain imaging. WMHs and cardiac dis-

ease did not relate to gait velocity.

Imaging Data
In the voxel-based MTR symptom-

mapping analysis, we found significant

clusters of MTR voxels that were posi-

tively correlated with gait velocity bilat-

erally within the frontal white matter

(Fig 1A). The association remained sig-

nificant after correction for multiple

comparisons and adjustment for age,

sex, height, brain volume, general phys-

ical performance, microbleeds, diabetes,

and hyperuricemia. To examine the spa-

tial relationship between these clusters

and major white matter tracts, we pro-

jected significant clusters from the

VMTRSM analysis on the probabilistic

white matter tract atlas in MNI space. As

shown in Fig 1B, there was substantial

overlap with the forceps minor.

Given the prominent association of

MTR voxels and walking speed within

the forceps minor, we assessed the mean

MTR of the forceps minor in standard

space and used a linear regression

model, adjusted for age, sex, height,

brain volume, general physical perfor-

mance, microbleeds, diabetes, and hy-

peruricemia to determine the associa-

tion between forceps minor MTR and

gait velocity. Higher mean MTR within
the forceps minor was positively related
to gait velocity (� � 0.134; 95% CI,
0.011– 0.258; P � .033) (Fig 2). This as-
sociation remained virtually unchanged
when global WMH volume or WMH
volume within the forceps minor was
added to the analysis (� � 0.162; 95%
CI, 0.024 – 0.307; P � .029; and � �

0.136; 95% CI, 0.013– 0.261; P � .030,

respectively). Because the correlation between MTR and walk-

ing speed seemed to be dependent on a few outliers who walked

quite fast, we repeated the regression analysis and excluded

participants with walking speeds �1.5 SDs from the popula-

tion mean. This step did not substantially alter the direction or

strength of the association (� � 0.117; 95% CI, �0.012– 0.248;

P � .076).

We examined executive function as a confounder because it

related significantly to gait velocity in the univariate analysis. Indeed,

executive function attenuated the effect of forceps minor MTR on

gait speed, and there remained only a nonsignificant trend (� �

FIG 1. Result of voxel-based MTR symptom-mapping analysis. A, Yellow/orange represents MTR
voxels positively related to gait velocity. The statistical map is superimposed on the MNI-152
standard space template and is family-wise error– corrected for multiple comparisons (P � .05).
The result is independent of age, sex, height, the presence of microbleeds, SPPB total score,
diabetes, hyperuricemia, and brain volume. B, The statistical map shown in A (MTR voxels posi-
tively related to gait velocity) is now superimposed on the Johns Hopkins University DTI-based
white matter tract atlas. Shades of green indicate different white matter tracts, as defined by the
atlas. Most of the MTR voxels positively related to gait velocity (yellow/orange) are located
within the forceps minor (light green frontal tract, indicated by black arrows).

FIG 2. Correlation (r � 0.20; 95% CI, 0.08 – 0.32; P � .002) between walking speed (x-axis, meters/
second) and MTR within the forceps minor (y-axis, percentage). r indicates the Pearson correla-
tion coefficient.
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0.123; 95% CI, �0.002–0.243; P � .054). A Preacher and Hayes36

bootstrap method showed that executive dysfunction had no signif-

icant mediation effect on the association between MTR and gait ve-

locity (indirect effect, 0.016; bootstrapped standard error, 0.013;

bootstrapped 95% CI, �0.0047–0.0460).

Figure 3 illustrates the associations between quartiles of mean

MTR distribution in the forceps minor and gait velocity. Analysis

of covariance, which we corrected for age, sex, height, brain vol-

ume, general physical performance, microbleeds, diabetes, and

hyperuricemia, showed an independent linear dose-effect rela-

tionship between forceps minor-MTR quartiles and gait velocity

(P for linear trend � .031).

VLSM identified no voxel clusters in which WMHs related

significantly to slower gait speed.

DISCUSSION
In this study of older adults free of stroke, dementia, and other

neurologic diseases, we used 2 observer-independent methods to

identify micro- and macrostructural determinants of gait veloc-

ity. We found a dose-dependent association between MTR values

in the forceps minor and gait velocity, independent of age, sex,

height, general physical performance, diabetes, hyperuricemia,

brain volume, microbleeds, and WMH volume. Lower MTR, sus-

pected of representing decreased myelin content,17,22 related to

slower gait velocity. VLSM showed no voxel clusters in which

WMHs were significantly related to a slower gait velocity. Differ-

ent results of MTR and WMH analysis in the current study are not

surprising in light of the work of Wong et al,40 who reported no

significant relationship among MTR, WMH, and cerebrovascular

risk factors, suggesting an independent pathophysiology for each

measure.

Our results are in line with MTR and DTI findings in normal

aging and in patients with cerebral small-vessel disease.14,19,24 The

only MTR study in healthy, older adults

described a relationship between whole-

brain MTR and gait velocity.23 The au-

thors of this investigation quantified

MTR changes globally by using histo-

gram-based metrics. This is a very ro-

bust approach, but it fails to provide in-

formation on the location of MTR

changes that relate to gait. Our voxelwise

approach overcomes this limitation and

thus extended previous results by iden-

tifying MTR alterations within the for-

ceps minor as important determinants

of walking speed. de Laat et al24 studied

429 individuals 50 – 85 years of age with

cerebral small-vessel disease. These au-

thors found loss of white matter integ-

rity in the corpus callosum, particularly

the genu where the forceps minor

crosses. Similar results were reported

by Della Nave et al14 and Bhadelia et

al,19 who also showed that participants

with abnormal gait had lower frac-

tional anisotropy in the genu of the

corpus callosum. Even though DTI probes brain tissue organi-

zation rather than brain tissue composition like MTI, previous

DTI results largely resemble our MTR findings.20,21 Micro-

structural brain tissue changes in the forceps minor were con-

sistently linked with gait disturbances both in normal aging

and in patients with cerebral small-vessel disease.14,19

The forceps minor is a large fiber bundle that connects the

bilateral prefrontal cortices of the hemispheres,8,41 which play an

important role in motor control, especially in older adults.42 In-

tact interhemispheric connections may be important for main-

taining motor control at a high level.43 We observed no significant

relationship between WMHs or lacunes and gait performance in

our community-dwelling sample. Conversely, individuals with a

higher number of microbleeds had slower gait velocity. This is

partly in line with 1 recent study that reported an association

between microbleeds, but not WMHs and gait velocity, in com-

munity-dwelling adults.44 Microbleeds occur in the wake of cere-

bral small-vessel disease, and their presence relates to microstruc-

tural brain tissue changes.45 However, neither the inclusion of

WMHs nor of lacunes or microbleeds in the regression analysis

changed the association between MTR of the forceps minor and

gait velocity significantly.

The 2 previous DTI studies14,19 also found that DTI measures

in the genu of the corpus callosum remained significantly associ-

ated with poorer gait performance after adding WMH volume to

the analysis. Considering that more widespread WMHs seen in

elderly individuals are a marker of coexisting cerebral small-vessel

disease, previous results and the results of the current study indi-

cate that factors other than cerebral small-vessel disease may also

play an important role in the development of gait disturbances

during aging. Postmortem studies that correlate MTR and DTI

measures with brain tissue alterations are thus likely to im-

FIG 3. Analysis of covariance results. The mean MTR (percentage) of the forceps minor was
divided into quartiles (x-axis). The first quartile was the lowest. Ranges of the MTR quartiles are as
follows: quartile 1, 24.18 –26.79; quartile 2, 26.80 –27.43; quartile 3, 27.44 –28.08; quartile 4, 28.09 –
30.00. Values on the y-axis represent the estimated mean walking speed in meters/second of
subjects within each quartile, adjusted for age, sex, height, SPPB total score, the presence of
microbleeds, diabetes, hyperuricemia, and brain volume. Increasing MTR values within the forceps
minor are related to higher gait velocity in a dose-dependent manner (P for linear trend � .031).
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prove our pathophysiologic understanding of age-related gait

abnormalities.

The current study has several strengths. It is the largest

cohort study on gait performance using voxel-based MTR

mapping to date. The study is community-based, with pro-

spectively planned radiologic and clinical protocols. With

MTI, images with a much higher spatial resolution and signal-

to-noise ratio can be produced than is possible with DTI acqui-

sitions. There are also no echo-planar imaging–induced artifacts.

The high scan resolution allowed accurate registration of scans

and segmentation of tissue types and WMHs. A thorough post-

processing procedure and rigorous quality control of segmen-

tations reduced the effects of coregistration errors and CSF

contamination to a minimum.

There are also limitations. The study has a cross-sectional de-

sign. Other potential underlying mechanisms for our findings,

beyond a direct causal relationship between microstructural dam-

age and disturbances in gait velocity, are possible. Among them

are peripheral neuromuscular disease, the presence of hip and

joint disease, or visual disturbances or cognitive dysfunction. We

had expected peripheral neuromuscular disease and hip and joint

diseases to be reflected in the SPPB total score, which was consid-

ered a confounder in our regression model. Inclusion of the SPPB

total score did not significantly alter our results, arguing against a

large effect of general physical performance on the relationship

between forceps minor MTR and gait velocity.

When we added executive function scores to the regression

analysis, the relationship between MTR of the forceps minor and

walking speed was attenuated. There remained only a nonsignif-

icant trend. In contrast to authors in previous studies who re-

ported executive functions exerting mediating effects on the rela-

tionship between structural brain changes and gait,46,47 we were

unable to confirm that executive function is a mediator in the asso-

ciation between forceps minor MTR and gait speed in the current

investigation. It is likely that the effect of MTR on gait became non-

significant when the executive function score was introduced simply

because a trivial amount of variance was explained in addition to the

model without inclusion of results of executive function testing. Par-

ticipants were directed to walk at their “usual pace,” allowing them to

make a personal choice between a range of gait speeds. This could

have biased our results. However, usual gait speed correlated well

with the SPPB score in our study and was shown to relate significantly

to disability in previous work.27 Previous data even suggest that usual

gait speed alone is nearly as good a predictor of disability outcome as

extensive physical testing.27

The lack of an association between heart disease and walking

speed might have been caused by the rather short walking distance

(8 m) and the possibility of walking at a normal pace in our study.

It was described previously that the presence of heart disease

rather affects long-distance walking tests.48 We realize that we

tested the association between voxel values and walking speed in a

far larger number of voxels in MTR analysis that compose the

whole white matter than in the lesion-based analysis. Conse-

quently, the risk of finding associations due to chance alone is

probably higher in the MTR analyses, and by contrast, the risk of

missing associations that actually exist is probably higher in the

lesion-based analysis. In this study, besides family-wise error con-

trol, the symmetry of our findings in both hemispheres is a strong

argument against findings due to chance alone.

The variance of the VMTRSM analyses was substantial. The

reason for this large variability of results, which hampers the util-

ity of findings, is unclear. It remains to be seen whether other

methods of image analysis such as Tract-Based Spatial Statistics

(TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS)49 might resolve

this problem.

Some subjects originated from the same families. This might lead

to correlated errors in the statistical models. FSL includes no regular

option to correct voxelwise analyses for family structure. Including,

for instance, random effects would be very difficult to interpret. How-

ever, we consider this a minor issue here, given the small number of

subjects per family.

Our voxelwise approach is neither useful nor intended to diag-

nose a single subject. However, our results broaden the pathophysi-

ologic understanding of MTR and gait disturbances in aging. Future

longitudinal studies might use high-resolution, 3D MTR scans to

tailor reliable predictors for gait disturbances in older age.

CONCLUSIONS
Our study provides new evidence for the importance of MTR

changes in gait disturbances at an older age, particularly in the forceps

minor. Identification of the causes and the histopathologic origin of

these MR imaging–detected tissue alterations is important because

therapeutic measures may be derived.
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